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Proton Spin Puzzle

(Sy» :—:§A2+AG+L

1 1 DSSV Global Analysis:
Phys. Rev. D 80, 034030 (2009)

2 0.4 T T 0.05

b x(Au + Au) 1 x(Ad + Ad) E
guark polarization well 1.

measured in DIS: ~30% |

Azzjdx(Au+Ad +ASHAT+Ad|+AS) o
Sea anti-quark polarization

not well constrained in SIDIS :
Polarized parton distribution functions (PDF):
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Sea Quark Polarization

Polarized Semi-Inclusive DIS (SIDIS) DSSV Global Analysis:
measurements (SMQ, HERMES, Phys. Rev. D 80, 034030 (2009)
COMPASS) constrained flavor-
separated polarized PDFs A [,
SIDIS results depend on
fragmentation processes:
%}' u:(;
s h
P 0
2
"J -0.02
=> SIDIS results limited by large 0
uncertainties of fragmentation 2888 A= (Lage muliplen) ]|
functions oot W el J C=100V

107 ! x 107 '
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W= Boson Production in Polarized Proton Collisions

To measure AU(X) and Ad(X) PHENIX exploits maximal-parity
violation in W production in longitudinally polarized p+p collisions

W “production example at LO:

Proton helicity ="+"

P ) - — — —
SR f d+u->W™ > /7 +v
p_ﬁd&i ,

u+d -W*" = ¢ +v

\?‘(‘"} i / Y » No uncertainty from fragmentation:
}“W;mv{ Ws detected through their leptonic
/;_’(xﬂ) “\r decay channels
~ \ + WSs couple directly to the quarks and
P—— antiquarks

Parity violation in the electroweak interaction allow perfect
guark/antiquark helicity separation: only left-handed
guarks and right-handed anti-quarks are selected
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Parity Violating Single-spin Asymmetry A,

Flipping the spin orientation of one of the colliding 0, —0_
protons and averaging over another: -
| O, +0_
Proton helicity ="+" Proton helicity =""
=22 R _ _
o, A U 00)d () ~uZ()d (%) | Au(x)
/f?(xz) '\\( /r/?(xz) '\\_\f' Uy (x1)d (X2) +u_(x)d (x2) u(x)
— —
+
Proton helicity ="+" Proton helicity ="—"
— < , + dF _d* )
Maw /4 Han 4 AN dy (xuxp) —d_(x)u(xp) _ Ad(x)
Yo N dr(xu(xp) +d X (x)u(xy)  d(xq)
fuiy N ey NI
= " =L I
\ —

A

A Au(x)d (xp) — Ad (x1)u(%p)
u(x)d (x2) +d (X )u(xz)

T __Ad(x)u(xp) —AU(x)d (Xp)

d(x)U(X2) +U(x1)d(x2)
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Flavor-Separated Quark Polarized PDFs at PHENIX

A
(X1) >>(X2): A\liV+ z_Tu
(X} <<(Xo): A‘(V+ zAde

- Ad

<X1> >><X2>: A\va ~—

(X)) <<{X): A ~—

(forward rapidity)

(backward rapidity)

(forward rapidity)

(backward rapidity)

P

PHENIX Muon Arms
(forward/backward rapidities)
measuring the different quark
flavor distributions

PHENIX Central Arm
(mid-rapidity)

W’ p_>20 GeV W* p_>20 GeV \ _
<[ oNsec r ¢ [ oNs e measuring the mixture of
[ BNS min ﬁ LRl guark flavor contribution:
DSSV DSSV . .
Mw - o1 GRSV val « For W™, combination of
;Jfr N Au and Ad
% ol ﬁ; + For W ", combination of
0.2 N u
aal AU and Ad
D g ol T
rluplnn rlupiun
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Impact of A, measured at RHIC

DSSV global analysis

+ simulated 200 pb™’
W A at proton-proton
collisions in RHIC

Phys. Rev. D 81, 094020 (2010)
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1 002

0

] 002
1.0.04

L iaaanl -0.06

BNL Seminar May 28, 2013

Mikhail Stepanov (UMass Amherst)



PHENIX Detector Overview

TN
2012 _PH:- “ENIX Detector
g W

Central arm spectrometers:

2 arms: |n|<0.35, each A$ = n/2

» Electromagnetic Calorimeter (EMCal: PbSc,
PbGl): triggering

* Drift Chamber (DC) and Pad Chamber
(PC): tracking charged tracks

* Axial B Field

West Beam View East
RPC3 N RPC3
TS ¢ H
Central Magnet
4,

Yyoc =weL

Forward (Muon) arm spectrometers:
* 1.2 <n< 2.4 (North)

-2.2 < n <-1.2 (South), Ap = 2x
» Muon Tracker (MuTr): tracking, triggering
» Muon Identifier (MulD): particle 1D,
triggering
* Resistive Plate Chamber (RPC): particle ID,
triggering
* Radial B Field

ZDC North

ZDC South

Y South Side View North
18.5m= 60 ft
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o -BR

PHENIX Run 2009 W* measurements

First W measurements in 500 GeV longitudinally
polarized p+p collisions in Central Arm at mid-rapidity

~ Theory curves: FEWZ and MSTWO08 NLO PDF’s_Q,//' <
o I
— // ‘‘‘‘‘‘ L e e EEEEEEE ST
""""""""""""""""""""" [w*+2Z°
e O [ pS > 30 GeVic
S - I gl 0.5
C T A S st L]y _|<0.35
: ppﬁ“/,+// ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ "_.-" L €
L e ® PHENIXW*
pp oW ¢ B PHENIXW
2 |— A + [
CE i ouat Bk
C w 3 - p
[ R O UA2 o DNS kre
C PPoW - --- GRSV std
; 4 DO I I — GRSV val

i ¢ CDF S — S ——— S —
| i L | L L 1 | L _I\II|I\II|IIII|\\II|\III|\III|\III|IIII _IIII‘III\|III\|IIII|II\I|II\\|IIII|I\\I
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Phys. Rev. Lett. 106, 062001(2011)
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PHENIX Run 2012 Dataset

Year Vs (GeV) [Ldt (pbY) Pol. (%) P2L (pb)
2009 500 8.6 39 1.3
2011 500 16 48 3.7
2012 510 30 55 9.1
(Note: recorded luminosity
within |z-vertex|<30 cm)
PHENIX Integr. Sampled Lumi vs Day Wed Apr 18 11:35:14 2012

)
o

-| M@ 30 cm vertex - 30.03 pb™”
I 15 cm vertex - 14.81 pb™

H

I I 7
;‘ | wide vertex - 49.56 pb” i_‘ '

W
o

In Run 2012 510 GeV
longitudinally polarized
p+p collisions, PHENIX
recorded larger data
sample with improved
polarization in comparison
to Run 2011 and Run 2009

[
L2

Integrated Luminasity (pb™ )

5%
II|III|III

-
L=

o

Jlll

834'1?’ 03124 0331 04107 0414
Days Since 311812
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Mid-rapidity W Measurements
In|<0.35

p+po>W* >e +v
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‘ PHENIX Central Arm Spectrometers

SPE3 Slentral
pcy Ma gnet

BBC

MPCc (F)VTX

West Beam View

e 2 arms: each A¢ = /2
* [n|<0.35 In rapidity

* Vertex cut : |z| <30 cm

=w gL

¥ 9¢

« Electromagnetic Calorimeter
(EMCal: PbSc, PbGl) with fine
segmentation A@xAn~0.01x0.01

» EMCal calibrated with M., of m0
at high p+

* Tracking and charge separation:
Charged tracks measured in Drift
Chamber (DC) and Pad Chamber
(PC)

« VTX detector (commissioned in
2011)

» Axial B Field 0.78 Tesla-meters
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Find the Ws

. Non-hegrmetic coverage => we can only 107
identify €7, no “missing energy” to balance

. => Can'tidentify W —e™ +v
definitively on event-by-event basis
102 |
» Like UAL1 and UAZ2 : looking for excess of
events above background

dn/ dp} Electrons per 2 GeV/c

W* and W signal:
Jacobian peak at ~M,,/2

10° -

T T

UA2

2444 electron candidates |

45 55
p} (GeV/c)
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Analysis Strategy

Detect high energy e* in
Y the Central Arms:

Central
.~ Magnet

 Trigger: EMCal 4x4 Tower Sum
(fully efficient above 12 GeV)
SR " osams- oiens
i " — ! {'
B - a®
MPC (F)VTX b o-81 -
D.G:— “
o.4f— N
TOF-E -
Y 02 s
WeSt BeaanieW EaSt :||||||||||‘-|.|||||||||||||||||||||||||||
DD 2 4 6 8 10 12 14 16 18

pt (GeV)

 High energy EMCal clusters
matched to charged tracks in DC for
charge determination (A¢ < 0.01 rad)

« Isolation cut is the main background

reducer: energy in a cone of R =0.4
excluding thecandidate
cluster energy

energy of thee® candidate

<10%
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Charge separation: e* or e

« Momentum and charge determined in DC « Angle at DC wrt infinite momentum track:
vi h o =~ 100 mrad / qxP[GeV/c]
UL e « 40 GeV/c track = a ~ 2.5 mrad,

X1 ,,’&’:\\ ‘\\‘ a‘l particle 8(1 ~ 1.1 mrad:
P NN gaus(0) |

@ B S g

B Field ; .++ magnetic field

polar angle

reference circle
R =220 cm

" Integralsareroughly  \
- adjusted to the expgcted ratio)

DC West Arm 1 E e

« Acceptance cuts on DC: remove tracks too
close to wires to resolve L/R ambiguities (10%)

» Cut on DC tracks |a| < 1 mrad to reduce
charge mis-identification

— Charge sign determined with high confidence
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Background components

v’ Irreducible Backgrounds (pass cuts) |
« c¢/b decaysto e* + X relatively
small above 30 GeV
 W—>7—e isalso small
« Z—e" +e ispart of the signal

v’ Reducible Backgrounds }

« Cosmic rays

» Beam related backgrounds

« Photon conversions y — e'e” (before DC):

VTX Detector increases photon conversion
background (radiation length =13.5%)

Detailed simulation study is in progress to estimate
carefully the QCD background and background
from the VTX conversions — this will let us to
proceed with the W* cross-section measurements
for Run 2012 and will result in improved
background estimation overall in the analysis
(including asymmetry measurements)

(pb/GeV)

L
<,

do/dp
<= IIII| | IIIIIII| I Illlm] ,_I_I_I_IJIITI I IIIIIII| T TTTTTm

dmfde (pb/GeV)

—
it

2,

-

—
=

-
=
[

1
S
= IIII| T IIIIIII| I lllIl'ITl J__I_UJIﬂ] T IIIIIII| T TTTTI

—
=
&

-
=

-

-
=
A

102

— RHICBOS W+

—— FONLL c+b max (MC)

~——PYTHIAZy —¢’
PYTHIA W+—1"—e"

N,

— RHICBOS W-

—— FONLL c+b max (MC)

— PYTHIA 21y —e"
PYTHIA W1 e

1 1 |
10 20 30 40 50 60

Py (GeVic)
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VTX conversion background

- orientation angle of the e*e” pair in the magnetic ° £ simplation v
field (phiV) vs. apparent invariant mass m,

_-- .-"'-': : 5 Meanx 0.2285
Dot Pgt Conversion pair

Meany 00856
" 'lI . s s"|RMSx 0.1407

RMSy 0.0957

10

Isolation cut reduces
effectively identified conversions:
Before Isolation Cut After Isolation Cut

Conversions in Conversions in SiVTX
SiVTX barrels electronics support

04

03

02

0.

OD

01 0.2 0.3 0.4 0.5 0.6
mee
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Isolation cut effect on our spectrum

,'g ; — Positive Charge
(.i — - EMCal cluster associated with track
ni.?"h 10° = 10% Relative Isolation cut added
% E *++ _-\\”/"__
-, PH ENIX
10° = : ++++ preliminary
- H 1
"E '-»W%
- e’ I WH
1=
= Ll L | | % L1 H 1 % H ! ﬂ}] H | <}> %
0 10 20 30 40 50 60 70 80
p? [GeVic]
ig ; - Negative Charge
@'i B N EMCal cluster associated with track
= a3
%‘F 10 E . 10% Relative Isolation cut added
: B . +++ Y = n
e + ++ PH><E NIX
- W ++F+ preliminary
[ -I__I_ -H_
B + t Jr{r
10 = ‘f * Fﬁ
: l 1 L l ‘ l l 1 l | I | 1 1
0 60

70 80
p? [GeVic]

The relative isolation cut removes
more than a factor of 10 in the
background dominated region
(10-20 GeV) while leaving the
signal region (30-50 GeV)
relatively untouched
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Run 2012 Measured W* and W Spectra (Mid-rapidity)

« 30-50 GeV/c — Signal Region » 10-20 GeV/c — Background Dominated
_ * Background estimation:
W* and W S|gnal: Fit region 10 to 69 GeV/c with a power law
Jacobian peaks Fit region 20 to 50 GeV/c with a power law + Jacobian peak (simulation)
7 10°C < 10°F
g E —8 Positive Charge pT spectrum for p+p 15=510 GeV Run 2012 Uy5|<0.35) § ; Negative Charge P, spectrum for p+p Ys=510 GeV Run 2012 (|ye[<(]_35]
8 . ——}—— EMCal cluster associated with track 8 - N ——}——  EMCal cluster associated with track
~ Jacobian peak (PYTHIA+GEANT) with background fit ~— Jacobian peak (PYTHIA+GEANT) with background fit
CDQ-I— I:l Background uncertainty estimation CUQ__'_ |:| Background uncertainty estimation
S 10 9 102
= - = -
© C © N
i N B N
- PH- -ENIX - PH -ENIX
i preliminary preliminary
10 10E
. N .
:I\\I‘I\\I‘I\\I‘I\\I‘I\\I\ ‘I\\I _I\\\|I\I\|III\‘IIII‘II I|\\\I
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
P2 (GeVic) pS (GeVic)
* After all cuts, we have 25% background in * After all cuts, we have 42% background in
the signal region for W+ the signal region for W-
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Single-Spin Asymmetry A, Measurement

og(pp=W)—0ac(pp=W)
o(pp=W)+o(pp=W)
1 NT(e)/LT — N~ (e)/ L™
PN*(e)/L++ N—(e)/L~

AW
Ar

N

At RHIC, up to 120 bunches in each ring, crossing
every 106 ns, helicity of pairs ++,+—,—+,— alternates
rapidly

Get one measurement treating “blue” beam as
polarized, averaging over “yellow” beam

Get second measurement treating yellow beam as
polarized, averaging over blue beam

N is the electron yield,

L is integarted luminosity,
P is luminosity-weighted
polarization

Ideally we’d do this as function of m(e) but statistics are limited
Asymmetry in background region (10-20 GeV/c) consistent with 0: 0.025+0.09
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g i i - .
Run 2012 W+ Single-Spin Asymmetry A, (Mid-rapidity)
Year s (GeV) [Ldt (pbY) Pol. (%) P2L (pb)
2009 500 8.6 39 1.3
2011 500 16 48 3.7
2012 510 23.7 55 7.2
1 - 1 (Note: recorded luminosity
< [wh2 T Wiz’ within |z-vertex|<30 cm)
0.8 €
"l o penxrun 2o prpsoncey | - Run 2012 Beam Polarization
9-4; A PHENIX Run 2011 p+p 500 Gev | uncertainty é]D/P - 34% (nOt
0.2 W PHENIX Run 2012 p+p 510 GeV Shown) ] ]
: A corrected for dilution by
e background
o2 T
i il —DSSV
'M:_ : v::: ----DNS max
0.6 PS> 30 GeVic L — — DNS min
g I PH-XENIX -- GRsVstd
| ly.|<0.35 T S
s T preliminary — GRSV val
_1:\II‘IIII‘IIH|I\I_|I\II‘IIII‘II\I|I\I:III|\\II|III\‘I\II|I\I\‘IIII|HII|III
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
ye ye
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Mid-rapidity W* Single-Spin Asymmetry A,
combined over Run 2012, Run 2011 and Run2009

< [ W2 T W+2°
0.8 —1

0.6

0.4 _ PHENIX Run 2009 (500 GeV) + ai
Run 2011 (500 GeV) + Run 2012 (510 GeV) T

" T Within errors, A,
ok i measurements are
T = — : '
g, T consistent with the
T Iy theoretical predictions
, T —DSSV
'0'4:_ { + ----DNS max
0.6 P} > 30 GeVic T —— — DNS min
[ 1y <035 I PHFENIX  -- GRsVstd
oal e T preliminary — GRSV val
_1:II\|IIII|IIII|IIII|IIII|IIII|IIII|III:III|IIII|\III|II\I|IIII|IIII|IIII|III
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
ye ye
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Forward rapidity W Measurements
-22<n<-12 & 1.2<n<24
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PHENIX Forward Arm Spectrometers

D+poWE > 4t +v

« 1.2<n<2.4(North)
-2.2 < n <-1.2 (South)

* AP =27
« Radial B Field
RPC3 : . RPC3
_ﬂ_ 5, ;\\,\V
“y Central Magnet W
"l;,/’) N '
--'Iz_/ /
i ",‘
S 3B(
5 |
ZDC South 3 1} ZDC North
(s ‘ =
I " R I .
MulD (s Yot MulD
UL ‘ #” (F)VTX =
(@)}
- Mu'Tr RPC1
s 1
P 4
V P 4 !
~
L/; A g South Side View North
ol |
18.5m= 60 fi

* Fully upgraded in 2012: new
upgrades provide trigger rejection
to reject low-p muons

* High-pT trigger including RPC:
small bending in magnetic field +
timing (BBC/RPC)

« =>Trigger on straight-line tracks
through the whole muon arm

« Muon Tracker (MuTr): tracking,

triggering

* Muon Identifier (MulD): particle
ID, triggering

* Resistive Plate Chamber (RPC):

particle 1D, triggering

 Forward Vertex Detector (FVTX)
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‘ PHENIX Forward Upgrade Program

2009, 2010 it

RPC3
. [~

l'.m.- utpwt m o
\;; | H.‘
!
< /
== 1/
..1,4]strip
Mutrg + ||
a |Stationi |
2 :09, 2010 "‘
. Wead RPC3 Ts
\

!
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Understanding Backgrounds

No Jacobian peak to help distinguish

signal from background level

onium

bb

Z/y*

W—qq|W— 1t |[Wop

Backgrounds:

* Muon BGs: Heavy flavor,
guarkonia (“true” muons,
momentum smeared to high pT)
« Hadronic BGs (“fake”)

/E dt =25 pb~!, 4~ North Arm

100

0% 75 50 60 70 80 90
Reconstructed pT (GeV/c)

Ki:/n:t

Mean n
R RMS 6
af W —l o B
Wl i
0.08 — ' :
o0 - Forward arm (pi) -

\

Qs

o2

0 '] l-l ------ 'l .-l'-'-—-:'l 11 1 1 1 1 1
0 T . L sb

Muon Transverse Momentum [éeV/c]

Dominated background is from

misreconstructed low pT hadrons

High pt track ||

d_er;ay track

RSy

BNL Seminar May 28, 2013

Mikhail Stepanov (UMass Amherst)

27



Signal Extraction in Forward Arm Analysis

Likelihood-based signal selection (2 steps):
1. Pre-selection: multivariate cut using likelihood ratio

Step 1. Multivariate cut for pre-selection

f

A

sig

;Lsig + Agg,

2 =[p(DGO,DDGO)- p(x ") p(DCAT) - p(RpeDCA) |

—— data H H H H
B MC) wiz+uBG [ e S Mo
[ (MC) wiz : :

data- (wiz + 1 BG) |

I T T T T O T T O T O T T A L
0.1 0.z 0.3 0.4 0.5 06 07 0.8 08 1

W likelihood (fout)

2. S/B ratio extraction: unbinned maximum likelihood fitting

Vertex
Matching

| !
]

1

: L]
— :
o :
1

'

]

DCA :
1 [}

- . |

sML:I:Ip-Ie " These variables would have ' s"""“'"'ﬂ_"3 !

' e . some “trace’ of multiple scattering...| | cattering '

: Y .;.

L] 1 i ]

n ' '

! [ ]

! L]

! [ ]

! [}

! [ ]

. 1

0.22f¢

02
0.18|
0.16]
0.14ff-
012

0.1

0.06F

0.02F

o

W Simulation

P T i I IS I
8 10 12 14 16 18 20
DCAr

P v by b b b v b b bw
2 4 8 8 10 12 14 16 18 20

DCAr
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e

Signal Extraction in Forward Arm Analysis

Step 2.

e Extended unbinned maximum likelihood
fitting

£01X) = —— 11

sin(@) x dgog '

_ N
nNe "n [

Z%pc I@]; n—znc

) z;€EX c w U
- Probability distribution functions extracted from sz

simulation (W signhal, muon BGs) and data (hadron

BGs) using eta, dw23 (reduced azimuthal bending).  |dw23= psziandtpzﬂ

dw23 distributions (16 < p; < 60 GeV, f > 0.02)

fy, MuonB6s | ¢
) H‘ﬂ*wm i a

0.08 g3
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Events / { 0.00666667 }

Events /{ 0.08 )

S/B Ratio in Forward Arm

5+
80 —
70 = Projection to dw23
60 — —— Dala
= Fitting Total
50—
= wiz
40 Hadronic BG
=S — uBG
20 =
10 &
A g bl
oEE T | ]
0.1 -0.05 0.05 1
dw23
S+
%0 -
a0 E_ Projection to 1
= —— Dala
70 =
= — Fitting Total
60 —
F wiz
50 ;_ Hadronic BG
40 — u BG
30 =
20 -
e E
- - Y L
'-:E!.ﬁ 2.4 -2.2 2 1.8 16 1.4 -1.2
n

S/B ratio used for the dilution
factor

» 1D projections of the 2D unbinned
maximum likelihood fit onto dw23
(top) and rapidity n (bottom)

* 16 < py <60 GeV/c, 1>0.92

S/B ratios:

South North
u+ 0.30 0.24
u- 0.58 0.15

Factor [x0.5 — x2.0] range, as a
conservative uncertainty of the S/B
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Run 2012 Forward Rapidity W* A,

]. D T T T T
i WH+Z—ut et
i Run 12: p+p at ¥s = 510 GeV W—=u P_>16 GeV W—= e P.=30 GeV ]
0.5¢ C80 A (2012) ® A7 (2009-2012) A
i — DSSV
i — D%{IS_\mT&
00 T
i T
05
-1.0— 5 5 i )
n .
u
]. O T T T T
i Wi+Z—uw.e

—~— :
PH ENIX -
preliminary |

I 2
M,

- Beam combined asymmetries
for forward rapidity (along with
the mid-rapidity results)

 Boxes are systematic
uncertainties from background
* Run 2012 Beam Polarization
uncertainty oP/P = 3.4% (not
shown)

 Within errors, A,
measurements are in agreement
with the theoretical predictions
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Run 2013 and Expectation of PHENIX W Program

Year Vs (GeV) [Ldt (pbY) Pol. (%) P2L (pb)

2009 500 8.6 39 1.3

2011 500 16 48 3.7

2012 510 23.7 55 7.2

2013 (expected) 510 ~200 55 60.5
(Note: recorded luminosity within |z-vertex|<30cm) < o~ 200 CE’IE” P=55% Projection - “reosa
—e*u* — RB DNS max

0.2 O P,>30GeV @ P, >15GeV

o

i

______
*****

-0.2

fffffff

v" The ongoing Run 2013 is o —=——r

expected to bring us ~150 pb! of B
data at 55% polarization giving us S/B=1assumed for W—p !
opportunity to finalize our W <

measurements
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FVTX is Expected to Contribute on Background
Reduction

FVTX covers 1.2 <n| < 2.4, 21min @;

Expected to improve analysis power by
* Precise vertex determination
* Better Tracking

[ FVTX-VTX Track

MuTr Matching ]

FVTX-VTX tracking, by A. Key
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Summary

v Run 2012:
« PHENIX collected data more than combined Run 2009 + Run
2011 dataset, also with improved polarization in comparison to Run
2011 and Run 2009
« Forward arm upgrade is completed
* In 510 GeV p+p collisions measured W* spectra at mid-rapidity
and A, at mid-rapidity and forward/backward rapidity
 Within errors, A, measurements are in agreement with the
theoretical predictions
 Improvement of S/B with FVTX is under development

v Run 2013:
* Run 2013 is ongoing
« Run 2013 is expected to bring us enough data giving us
opportunity to finalize our W measurements which will result in
Improved extraction of the flavor separated quark and anti-quark
polarized PDFs
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